(19) 




Europaisches Patentamt 
European Patent Office 
Office europden des brevets 




(12) 



(43) Date of publication: 

11.04.2001 Bulletin 2001/15 

(21) Application number 00308528.9 

(22) Date of fifing; 28.09.2000 



nun 

(ii) EP 1 091 252 A2 

EUROPEAN PATENT APPLICATION 

(51) lntCI7: G03F 7/20 



(84) Designated Contracting States: 

AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 
MCNLPTSE 

Designated Extension States: 
ALLTLVMK RO SI 

(30) Priority: 29.09.1999 EP 99307686 

07.11.1999 EP 99203704 

1 8.01 .2000 EP 002001 84 

(71) Applicant: ASM LITHOGRAPHY B.V. 
5503 LA Veldhoven (NL) 

(72) Inventors: 

• Finders, Jozef 
5509 NJ Veldhoven (NL) 



• Baselmans, Johannes 
5688 GG Oirschot (NL) 

• Flagello, Donls 
Schottsdale, AZ 85255 (US) 

• Bouchoms, Igor 

5611 CB Eindhoven (NL) 

(74) Representative: Leeming, John Gerard 
J.A. Kemp & Co., 
14 South Square, 
Gray's Inn 

London WC1R 5LX (GB) 



(54) Lithographic method and apparatus 

(57) A method of imaging a pattern in a microlitho- 
graphfc exposure apparatus comprises performing two 
exposures, each with a different mask, the superposi- 
tion of the images defined by the two masks produces 
the complete circuit pattern. A dipolar illumination mode 



is used for each exposure, the dipoles of the two expo- 
sures being mutually perpendicular. The dipolar illumi- 
nation mode of the first exposure is used to image mask 
features parallel to a first direction, and the dipolar illu- 
mination mode of the second exposure is used to image 
mask features perpendicular to the first direction. 



Fig.5. 
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(Descrffptortt 



The present invention relates to a method and 
apparatus, in particular for microtithographic exposure. 
More particularly, the invention relates to the application s 
of such a method in a lithographic projection apparatus 
comprising: 

a radiation system for supplying a projection beam 

of radiation; 10 

a first object table, for holding a mask. 

a second object table, for holding a substrate; 

a r>roiec&km system lor imaging an irradiated portion 

of She mask onto a target portion of the substrate. 

15 

ps&S]) For the sake of simplicity, the projection sys- 
tem may hereinafter be referred to as the "tens"; how- 
ever, this feemn should be broadly interpreted as encom- 
passing various types of projection system, including re- 
fractive optics, reflective optics, and catadioptric sys- 20 
terns, for example. The radiation system may also in- 
clude elements operating according to any of these prin- 
ciples for (greeting, shaping or controlling the projection 
(beam of radiation, and such elements may also be re- 
ferred to betow, cdtect&ety or singularly, as a "tens 0 . In 25 
addition, the first and second object tables may be re- 
ferred to as the "mask table 0 and the Substrate table", 
respectively. Further, the lithographic apparatus may be 
of a type having two or more mask tables and/or two or 
more substrate tables. In such "muftiple stage 0 devices so 
the addftcoi?ta& ftabtes may be used in parallel, or prepar- 
atory steps may be carried out on one or more stages 
while one or more other stages are being used for ex- 
posures. Twm stage Ethographtc apparatus are de- 
scribed in International Patent Applications 35 
W098/28665 and WO98/40791 , incorporated herein by 
reference. 

Lithographic projection apparatus can be 
used, for exampte, in the manufacture of integrated cir- 
cuits (ICs). In such a case, the mask (reticle) may con- #> 
tain a circuit pattern corresponding to an individual layer 
of the IC, and this pattern can men be imaged onto a 
target portion (comprising one or more dies) on a sub- 
strate (silicon wafer) which has been coated with a layer 
of photosensitive material (resist). In general, a single 
wafer will oontain a whole network of adjacent target 
portions which are successively irradiated through the 
reticle, one at a time. In one type of lithographic projec- 
tion apparatus, each target portion is irradiated by ex- 
posing the entire reticle pattern onto the target portion so 
in one go; such an apparatus is commonly referred to 
as a waferstepper. In an alternative apparatus - which 
is commonly referred to as a step-and-scan apparatus 
- each target portion is irradiated by progressively scan- 
ning the reticle pattern under the projection beam in a ss 
given reference direction (the "scanning" direction) 
while synchronously scanning the wafer table parallel 
or anti-parallel to this Erection; since, in general, the 



projection system will have a magnification factor ft/I 
(generally < 1), the speed v at which the wafer table is 
scanned will be a factor M times that at which the reticle 
table is scanned. More information with regard to litho- 
graphic devices as here described can be gleaned from 
International Patent Application WO 97/33205, incorpo- 
rated herein by reference. 

P$$4J In one form of microlithography, a mask defin- 
ing features is illuminated with radiation from an effec- 
tive source having an intensity distribution at a pupil 
plane corresponding to a particular illumination mode. 
An image of the illuminated mask is projected onto a 
resist-coated semiconductor wafer. 
DPCQQ Problems with the prior art include that in the 
semiconductor manufacturing industry there is increas- 
ing demand for ever-smaller features and increased 
density of features. In other words the critical dimen- 
sions (CDs) are rapidly decreasing and are becoming 
very dose to the theoretical resolution limit of state-of- 
the-art exposure tools such as steppers and scanners 
as described above. One solution to this problem is to 
upgrade the optics of the machine or indeed replace the 
entire machine. A second possibility is to use masks 
which include so-called "assisting features". These are 
features smaller than the resolution limit of the exposure 
tool so that they will not print on the wafer, but their pres- 
ence near features to be imaged produces diffraction 
effects which can improve contrast and sharpen fine 
features. A third possibility is to use complementary 
Phase Shift Masks where the definition of features such 
as lines and spaces is established by correspondingly 
phase shifting the electric field amplitude teo degrees 
(rather than by correspondingly modulating the ampli- 
tude of the electric field as is the case in commonly used 
binary chromium masks). This has the effect mat the en- 
ergy of the light diffracted at the mask pattern is angu- 
larly distributed in such a manner that image contrast 
and depth of focus are improved for imaging of lines and 
spaces at resolution limit. However, none of these meth- 
ods is entirely satisfactory and they can also prove ex- 
pensive. 

BHHtSJ It is an object of the present invention to alle- 
viate, at least partially, at least some of the above prob- 
lems. 

(0007] Accordingly, the present invention provides a 
method of imaging a pattern onto a substrate provided 
with a layer of energy-sensitive material, comprising the 
steps of: 

performing a first exposure to image partly said pat- 
tern; 

performing a second exposure to image partly said 
pattern, 

wherein at least one of said first and second expo- 
sures is performed using an illumination mode hav- 
ing a substantially dipolar intensity distribution. 

[COOS] The method of the invention enables Rthogra- 
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phy to be performed with reduced feature size and/or 
improved processing parameters such as exposure lat- 
itude, Mask Error Factor (MEF), depth of focus and prox- 
imity effects, without having to use improved optics and/ 
or diffraction- assisted masks. s 

In a manufacturing process using a lithograph- 
ic projection apparatus according to the invention, a pat- 
tern in a mask is imaged onto a substrate which is at 
least partially covered by a layer of energy-sensitive ma- 
terial (resist). Prior to this imaging step, the substrate io 
may undergo various procedures, such as priming, re- 
sist coating and a soft bake. After exposure, the sub- 
strate may be subjected to other procedures, such as a 
post-exposure bake (PEB), development, a hard bake 
and measurement/inspection of the imaged features, is 
This array of procedures is used as a basis to pattern 
an incfivDduat Bayer of a device, e.g. an IC. Such a pat- 
terned Gayer may then undergo various processes such 
as etching, eon-implantation (doping), metallization, ox- 
idation, chemo-mechanical polishing, etc., all intended 20 
to finish off an individual layer. If several layers are re- 
quired, ehen the whole procedure, or a variant thereof, 
will have to be repeated for each new layer. Eventually, 
- an array of devices will be present on the substrate (wa- 
fer). These devices are then separated from one anoth- 25 
er by a technique such as dicing or sawing, whence the 
individual devices can be mounted on a carrier, connect- 
ed to pins, etc. Further information regarding such proc- 
esses can be obtained, for example, from the book ''Mi- 
crochip Fabrication: A Practical Guide to Semiconductor so 
Processing^, Third Edition, by Peter van Zant, McGraw 
Hill Publishing Co., 1997, ISBN 0-07-067250-4. 
pguoj Although specific reference may be made in 
this text to the use of the method and apparatus accord- 
ing to the invention in the manufacture of ICs, it should ss 
be explicitly understood that such an apparatus has 
many other possible applications. For example, it may 
be employed in the manufacture of integrated optical 
systems, guidance and detection patterns for magnetic 
domain memories, liquid-crystal display panels, thin- 40 
film magnetic heads, etc. The skilled artisan will appre- 
ciate that, in the context of such alternative applications, 
any use of the term "reticle 0 . °wafer° or "die" in this text 
should be considered as being replaced by the more 
general terms "mask 0 , "substrate" and "target area", re- *s 
spectivety 

{00*81 J Embodiments of the invention will now be de- 
scribed, by way of example only, with reference to the 
accompanying drawings in which: 

so 

Fig. 1 illustrates the principle of off-axis illumination; 
Figs. 2(a) to 2(d) illustrate schematically the inten- 
sity distributions of different illumination modes; 
Fig. 3 shows the results of calculations related to 
the exposure latitude for different illumination ss 
modes; 

Rg. 4 is a graph showing experimental results of 
exposure latitude determinations for different illumi- 



nation modes; 

Fig. 5 shows a set-up in which linearly polarized 
light is used to perform at least one dipoie exposure; 
Fig. 6 shows contrast results (a plot of intensity 
through an image of a line) for dipoie exposures per- 
formed using two different polarization orientations; 
and 

Fig. 7 shows an apparatus for imaging a pattern on- 
to a substrate with which the present invention can 
be embodied. 

[0012] In the Figures, like reference symbols refer to 
like parts. 

Embodiment 1 

[001 3J In optical lithography it is known to use off-axis 
illumination, which enables smaller features to be suc- 
cessfully imaged. With this technique, the mask is illu- 
minated at non-perpendicular angles, which in particular 
improves the process latitude by increasing the depth 
of focus and/or contrast. 

I0014J Fig. 1 illustrates this principle in which a beam 
of radiation 1 0 is incident on a mask 1 2 at an angle 90°- 
a inclined to the optical axis, which is conventionally ver- 
tical. The incident beam 10 is diffracted by the features 
on the mask 12 which are to be imaged on the wafer 14. 
The zeroth and two first-order-diffracted beams (0. ±1) 
are shown in Rg. 1. Improved performance can be 
achieved when, for example, at least part of the zeroth 
order and one of the first orders, which are coherent, 
are captured by the projection lens 1 6 and used to form 
the image on the wafer 14. 

[001 5J The smaller the pitch of features on the mask 
12 the larger the diffraction angle 0 will be. If the size of 
the features decreases and/or their density increases 
too much there will come a point at which the pupil of 
the projection lens system 16 can no longer capture 
more than one diffracted order. In a practical system 
there will be a range of opening angles a which deter- 
mines the partial coherence of the light source and thus 
is very important to the figures of merit of the device, 
such as exposure latitude, depth of focus and proximity 
effects. The distribution of opening angles a can be vis- 
ualized by considering the intensity distribution of the 
radiation source or equivalently the intensity distribution 
in the plane of the pupil of the projection lens system 
(and only looking at the zero order diffracted radiation 
or in the absence of mask features). 
[0016J Fig. 2 shows examples of different illumination 
mode intensity distributions (or pupil filling at the projec- 
tion lens). The shaded areas indicate regions of signifi- 
cant radiation intensity. The distance from the center of 
the pupil is related to the angle of incidence a. 
[001 7J Fig. 2(a) illustrates a simple illumination mode 
characterized by the parameter o shown by the arrow 
in the Figure. Values of a are conventionally quoted as 
the ratio of the radius of the illumination intensity disc to 
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the radius of the pupil and therefore take a value be- 
tween 0 and t. 

potQJ Rg. 2(b) shows an annular illumination mode 
in which the intensity distribution of the source is con- 
fined to an anmrfus to limit the range of angles of inci- s 
dence of the off-a>tis i»urr»naton r it being remembered 
that the spatial intensity distribution at the pupil plane is 
related to the angufer distribution at the maskpfane. The 
annulus is characterized by me va&ies ^ and <zj 0 , which 
are the iratios of its inner and outer radii to the radius of 10 
the pupil. 

Fig. 2(c) illustrates the density distribution of 
a quadrupote illumination mode, tfte use erf which gen- 
erally gives superior Imaging results to the use of annu- 
lar or disc modes. Conventionally, in using such a quad- ts 
rupole configuration, it is assumed that the mask pattern 
to be projected is comprised of orthogonal lines along « 
and y axes and Ehe illumination is oriented such that 

each of the four pofes is skuated in a respective one of 
the tour quadrants defined by these * and y axes and 20 
their point of intersection. 

However, it has been found that superior per- 
formance can be obtained using dipolar Wumtnation 
modes and this fact is utilized in ahe present invention. 

Rgure 2(d) shows an example of the illumina- 25 
tion cntensfty distribution for a dipole mode. The two 
poles of ithis mode are located off the optical axis of the 
imaging system. For the following Explanation, the two 
poles aiustrated in Rg. 2(d) will be said to lie along the 
n axis and wffi be optimal for imaging lines paraBeitotbe 30 
yaxis, i.e. perpendicular to the axis ioinsng the ewo poles 
(sometimes then and y axes are referred to as horizon- 
tal and vertical respectively, but these terms typccalSy do 
not bear any relation to the orientation of the machine). 

Rg. 3 shows the resu&s of calculations of the 35 
Normalized Image Log Stope (MILS), a good indicator 
of the exposure latitude, for each of 8he four illumination 
modes shown in Rgs. 2(a) to (d) for a range of different 
pitches of linear features in the y direction. In the graph 
of Rg. 3, the lines labeled a. b, c, and d correspond to *o 
the Hlumination modes of Figs. 2(a) to (d) respectively. 
Each calculation assumes a numerical aperture (WA) of 
0.7 (NA = 0.7), for the conventional mode a value of a 
= 0.85, and for the annular (b) t quadrupolar (c) and di- 
polar (d) modes values o 0 = 0.85 and a r = 0.55. 45 
iwm] From Fig. 3 it is dear that the simulated NILS 
(measure for exposure latitude) for dipofe illumination 
(d) is significantly greater than that of the other illumina- 
tion modes for pitches close to the resolution Kmit P 0 . 
|002«] Rg. 4 illustrates the experimentally observed so 
exposure latitude at different pitches for the f oKowing il- 
lumination modes: annular (b), quadrupolar (c), and di- 
polar <d) respectively. The numerical aperture and a val- 
ues were thesame as those for the simulation illustrated 
in Rg. 3. In Rg 4 the same trends are observed as in ss 
Fig 3 and clearly for pitches dose to the resolution limit 
a dipole illumination mode (d) exhibits superior expo- 
sure latitudes. 



P>025] A further advantage of dipole illumination is 
that it provides a depth of focus, when operating dose 
to the resolution limit, that is superior to the depth of fo- 
cus that can be obtained with quadrupolar illumination. 
For t:t dense lines, the optimum depth of focus is 
achieved for quadrupolar illumination when: 
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and for dipote illumination when: 



© 



cenzre 



- -f-U 

LW \ NA) 4 



where ^centre = (o© + 0^2, NA = numerical aperture X 
= wavelength and LW = line width. 
|[O02SJ Close to the resolution limit, the resolvable line 
width LW f \s given by 



When this is substituted above, it can be seen that, for 
quadrupolar illumination, a value of o CQtxtfB larger than t 
is required to obtain maximum depth of focus; however, 
since values of o cwire greater than 1 are physically im- 
possible, dipole illumination modes are preferred for 
maximum depth of focus for structure sizes close to the 
resolution limit. 

Embodiment 2 



PMJ27] A preferred embodiment of the method of the 
invention is to perform two exposures using two respec- 
tive perpendicular dipole patterns, the first exposure is 
used to image mask features parallel to a first direction, 
and the second exposure using the other dipole illumi- 
nation mode is used to image mask features perpendic- 
ular to the first direction. 

[0028] In one particular embodiment, two distinct 
masks are used, one for each of the exposures, and the 
superposition of the images of the two masks produces 
a single drcuit pattern. As wen as changing between 
mutually perpendicular dipolar illumination modes and 
changing masks between the first and second expo- 
sures it is possible to select independently the spedfic 
parameters of the dipole illumination mode for each ex- 
posure, such as a 0 and Oj and so on, in order to optimize 
the exposure for the structure sizes parallel and perpen- 
dicular to the first direction. 

£0023} In an alternative embodiment, a single mask is 
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used, but the said mask contains two different sub-pat- 
terns; one of these sub-patterns is then used for the first 
exposure referred to above, whereas the second sub- 
pattern fe used for the second exposure referred to 
above. 5 
KG03Q) According to the methods described above, 
two dipolar illumination modes are used for consecutive 
exposures. However, this does not necessarily have to 
be the case. Typically, one dipolar illumination mode 
would be used to image the most critical features of the 10 
pattern in one direction and the other exposure could be 
performed using a quadrupolar, annular or conventional 
(disc) tflurrcnation mode to fill in the remaining struc- 
tures. The orcter of the two exposures may, of course, 
be reversed and indeed more than two exposures could 
to© used to IfcuSDd up She single pattern, provided that one 
of ®iem uses a dipolar illumination mode. 

(n its simplest form, for imaging horizontal and 
vertical lines only, the two masks (or two sub-patterns, 
in the case of a single mask with 2 sub-patterns) will 20 
define only linear features in these directions respec- 
tively. However, for more complicated mask designs, 
software can be used to decompose the pattern into two 
distinct sub-patterns. Fouriertransfonmation of the mask 
pattern can be used to highlight the most critical direc- 25 
tion, and that exposure can be performed using a dipolar 
illuminatcon mode. 



Embodiment 3 

30 

A further embodiment of the present invention 
is to use a "soft dipole 0 illumination mode for at least one 
of the dipote exposures. A soft dipole mode is particu- 
larly suited to imaging a pattern which includes some 
features which are not in the x or y directions; for exam- 35 
pie, diagonal or curved lines. Some examples of soft di- 
pole Bhimination modes include a baste dipole intensity 
distribution as shown in Rg. 2(d) but with a weaker gen- 
eral background illumination across the pupil, or with a 
weaker central on-axis pole in addition to the two off- 40 
axis poles, or it may resemble a quadrupole illumination 
mode, but with two strong intensity poles and two weak- 
er intensity poles. 



Embodiment 4 



45 



IC033J In a particular embodiment of the invention, at 
least one of the dipole exposures is performed using po- 
larized electromagnetic radiation. In a specific example, 
the electromagnetic radiation is linearly polarized, such so 
that its electric field is oriented substantially perpendic- 
ular to the axis joining the two (main) poles in the dipole 
pattern; if that axis is then substantially perpendicular to 
the mask features being imaged in a particular exposure 
(as discussed above), the said electric field will be sub- 55 
stantially parallel to those features. This can greatly in- 
crease the efficiency of the exposure, producing inter 
alia greatly increased image contrast. 



[0034] In a specific embodiment, both the first and 
second exposure are performed using a dipole illumina- 
tion mode, the features imaged in the first exposure are 
substantially perpendicular to those imaged in the sec- 
ond exposure, and the axis joining the (main) dipoles in 
the dipole illumination mode used for each exposure is 
substantially perpendicular to the features imaged in 
that exposure. If linearly polarized electromagnetic ra- 
diation is used for each exposure, and is polarized in 
each case so that its electric field is oriented perpendic- 
ular to said axis for that exposure, then both exposures 
are conducted using polarized radiation, and the polar- 
ization directions for both exposures are mutually per- 
pendicular. This set-up can give particularly excellent re- 
sults. 

I0035J Fig. 5 schematically depicts the projection of 
an image using a dipole illumination mode. A dipole il- 
lumination pattern having two poles 3 and 5 is used to 
project an image of a mask pattern M through a projec- 
tion system PL onto a wafer W. As here depicted, the 
mask pattern M contains (substantially) only features 9 
extending in the z-direction (perpendicular to the plane 
of the Figure); these features are therefore oriented per- 
pendicular to the axis 7 joining the two poles 3,5 (which 
axis 7 extends along the x-direction). Preferentially, the 
radiation from the illumination pattern is linearly polar- 
ized, with its E-field oriented along the z-directibn, i.e. 
perpendicular to the axis 7 and parallel to the features 9. 
J0036J The polarization mode described in the previ- 
ous paragraph will here be referred to as polarization 
mode A. In an alternative situation - here referred to as 
polarization mode B - the E-field of the illumination ra- 
diation is oriented along the x-direction, i.e. parallel to 
the axis 7 and perpendicular to the features 9. This 
mode is not preferential in the present invention, but is 
described here for reference purposes with regard to 
Figure 6. 

I0037J Fig. 6 shows contrast results obtained using a 
lithographic projection apparatus in which the projection 
system had a numerical aperture NA = 0.6. The Figure 
refers to a projection wavelength of 248 nm (DUV), CD 
= 0.13 jim and k1 = 0.3. The Figure shows the intensity 
as it would be measuerd when a point probe in the image 
plane is scanned in a direction perpendicular to the 
mask feature which is being imaged. Along the horizon- 
tal axis in Fig. 6 the position of said probe is given, in 
nanometers. The two curves A. B refer respectively to 
the polarization modes A, B described above. It is seen 
that polarization mode A gives dramatically better con- 
trast than polarization mode B. Similarly, the use of po- 
larization mode A in accordance with the invention gives 
greatly improved results as compared to the use of non- 
polarized illumination radiation. 

Embodiment 5 

[0038] In a particular embodiment of the invention, at 
least one of the dipole exposures is performed using an 
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attenuated Phase Shift Mask , i.e. a mask 12 where me 
definition of the tine-space features as shown in Fig. 1 
is established by correspondingly phase shifting the 
electric field amplitude 180 degrees in combination with 



tenuation of the electric f ietd. In order to obtain op6mum 
contrast and process latitude, said attenuation can be 
chosen such that she energy m the zeroth and the pfus- 
Rrst-orcter cSffractedbeam (0, + 1 )as shown In Rg. t are 
about ecpia* or equal. For instance, establishing a fine- ta 
space definition with 0.5 duty cycle by 



lem by imaging a mask pattern in two distinct steps: a 
first step for lines extending in the said first direction, 
and a second step for lines extending in the said second 
direction. Between these two steps, it is possible to ad- 
just the focus of the projection apparatus, e.g. by dis- 
placing or tilting the substrate table relative to the pro- 
jection system, by displacing one or more optical ele- 
ments in the projection system (using dedicated actua- 
tors), etc. This ensures optimal focus of the lines extend- 
ing In both the first and second directions, whereby the 
effects of astigmatism in the projection system are sup- 



line = 



0 degree phase shift with menus^on zero, 
= t®0 degree phase shHt with intensity atten- 
uation = 0.049 (le. an amplitude attenuation 
of 0.222) 



Embodiment 7 



fcheoreticatty yields equal intensities in the zeroth and 
plus-fiist-order diffracted beams m Rg. i. With this em- 
bodiment the detrimental effect of an energy difference 
between the zeroth and plus-first-order diffracted 
beams in Rg. t, which may occur when using a mask 
H2 carrying a binary chromium line space pattern, is al- 
leviated. 

Embodiments 

P®3©8 The projection system in a lithographic projec- 
tion apparatus is generally a highly precise piece of 
equipment, often containing many tens of individual op- 
tica* etemems ehat are designed, machined, finished, 
and positioned with ultra-high accuracy. Nevertheless, 
e^en the moss carefully designed projection system will 
generator suffer from residual optical defects, such as 
astigmatism, coma, curvature of field, etc. These de- 
fects cause image deterioration that can lead to the pro- 
duction of inferior or even rejected products by the lith- 
ographic apparatus concerned. Consequently, there is 
an important impetus to (at least partially) correct such 
aberrations. In the case of astigmatism, the current in- 
vention offers a powerful, effective and elegant solution 
o? this problem. 

(00401 By way of its very definition, the presence of 
astigmatism in a projection system results in different 
focal planes for lines oriented at different angles within 
an object plane perpendicular to the optical axis of the 
system. Stated more specifically, if an image to be pro- 
jected by an astigmatic protection system contains lines 
extending in distinct first and second directions, which 
are mutually perpendicular, then the focal plane for the 
lines extending in the first direction will not coincide with 
the focal plane for the lines extending in the second di- 
rection. Therefore, if a mask pattern containing such 
lines is imaged onto a substrate in a single step, it will 
be impossible for all of its lines to be simultaneously 
sharply focused on the substrate; this will lead to a 
blurred image. 

BWWtJ- The present invention circumvents this prob- 



T5 

P®32J Referring to Rg. 7, a lithographic apparatus 
embodying the invention wm now be described for re- 
petitive imaging of a mask M (for example a reticle) on 
a substrate W (for example a resist-coated wafer). The 
20 particular apparatus shown here is transmissive; how- 
ever, it may also be reflective or catadioptric, for exam- 
ple. The apparatus comprises an illumination housing 
LH containing a radiation source and an illumination 
system for supplying an illumination beam IB. This beam 
25 passes through a diaphragm DR and is subsequently 
incident on the mask M that is arranged on a mask table 
R/rr The mask table MT forms part of a projection col- 
umn PC incorporating also a projection lens system PL 
which comprises a plurality of lens elements, only two 
30 of which, L t and Lg are shown in Rg. 7. The projection 
tens system images the mask M onto the substrate W 
which is provided with a photoresist layer (not shown). 
Tfce substrate is provided on a substrate support WC 
which forms part of a substrate table WT on, for exam- 
35 pte, air bearings. The projection lens system has, for ex- 
ample a magnification M = 1/5, a numerical aperture NA 
> 0.48 and a diffraction-limited image field with a diam- 
eter of, for example 22 mm. The substrate table WT is 
supported, for example by a granite base plate BP which 
40 closes the projection column PC at its lower side. 
PW$I The substrate can be displaced in the x, y and 
z directions and rotated for example about the z axis 
with the aid of the substrate table. These adjustments 
are controlled by various servosystems such as a focus 
45 servosystem. for example an x, y, <p z interferometer sys- 
tem cooperating with the substrate support, and an 
alignment system with which mask marks can be 
aligned with respect to substrate marks. These servo- 
systems are not shown in Rg. 7. Only the alignment 
so beams (with their chief rays AB 1 , AB2) of the alignment 
system are shown. 

W Each mask pattern must be imaged a number 
of times, in accordance with the number of ICs to be 
formal on the substrate, each time on a different target 
55 portion of the substrate. 

P045J The depicted apparatus can be used in two dif- 
ferent modes: 
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- In step mode, the mask stage MT is kept essentially 
stationary, and an entire mask image is projected in 
one go (i.e. a single "flash") onto a target portion. 
The substrate stage WT is then shifted in the x and/ 
or y directions so that a different target portion can 
be irradiated by the beam IB. 
In scan mode, essentially the same scenario ap- 
plies, except that a given target portion is not ex- 
posed in a single "flash". Instead, the mask stage 
MT is movable in a given direction (the so-called 
"scan direction", e.g. the x direction) with a speed 
v, so that the projection beam IB is caused to scan 
over a mask image; concurrently, the substrate 
stage WT is simultaneously moved in the same or 
opposite direction at a speed V= Mv % in which M is 
the magnfffcatton of the lens PL (e.g. M = 1/5). In 
this manner, a relatively large target portion can be 
exposed, without having to compromise on resolu- 
tion. 

[0046] These processes are repeated until all areas 
of the substrate have been illuminated. 
[0047] The apparatus embodying the invention fur- 
ther comprises a changer (not shown) for exchanging 
first and second masks M; alternatively, in the case of a 
single mask M with two different mask patterns, the 
changer serves to move the mask so as to position ei- 
ther one of the said two patterns in the projection beam 
IB. Each target portion of the substrate must be exposed 
(at least) twice, once imaging a first mask (sub-pattern) 30 
and once imaging a second mask (sub-pattern). The tar- 
get portions of the entire substrate can all be exposed 
using the first mask (sub-pattern) and then the first and 
second masks (or mask sub-patterns) are exchanged 
and all of the target portions of the substrate are ex- 35 
posed using the second mask (sub-pattern). Alterna- 
tively, a given target portion can be consecutively ex- 
posed using the first and second masks (or mask sub- 
patterns) before shifting the substrate stage to image a 
different target portion using the first and second masks 40 
(or mask sub-patterns). 

[0048] The illumination system of the apparatus em- 
bodying the invention includes means for defining the 
dipole and other illumination modes. It is presently pre- 
ferred that diffracti ve optical elements, for example <s 
Fresnel lens segments and/or computer-generated 
holograms, are used to generate the dipole illumination, 
but other means, such as an apertured plate or inter- 
posed blades could be used. Preferably the illumination 
system includes an axicon/zoom module and other op- so 
tical components such as an optical integrator. The illu- 
mination system can switch between different illumina- 
tion modes for the first and second exposures and pref- 
erably the parameters of each mode, such as o 0 and o t , 
are independently selectable for each exposure. ss 
[0049] Further details of such illumination systems 
are disclosed in EP-A-0 687 956 and EP-A-0-949 541 , 
for example, and these references are incorporated 



herein by reference. 

[0050] Whilst specific embodiments of the invention 
have been described above it will be appreciated that 
the invention may be practiced otherwise than de- 
5 scribed. 



Claims 

1 . A method of imaging a pattern onto a substrate pro- 
vided with a layer of energy-sensitive material, com- 
prising the steps of: 

performing a first exposure to image partly said 
pattern; 

performing a second exposure to image partly 
said pattern, 

wherein at least one of said first and second 
exposures is performed using an illumination 
mode having a substantially dipolar intensity 
distribution. 

2. A method according to claim 1, wherein the other 
of said first and second exposures is performed us- 
ing an illumination mode having an intensity distri- 
bution which is substantially one of: dipolar, quad- 
rupolar, annular and disc-like. 

3. A method according to claim 1 or 2, wherein a dif- 
ferent mask is used to define the image formed by 
each of said first and second exposures. 

4. A method according to claim 3, further comprising 
the step of exchanging masks between said first 
and second exposures. 

5. A method according to claim 1 or 2 t wherein a mask 
having at least two sub-patterns is used for the first 
and second exposures, a first of the said sub-pat- 
terns being used to define the image formed by the 
first exposure and the second of the sub-patterns 
being used to define the image formed by the sec- 
ond exposure. 

6. A method according to any one of the preceding 
claims, wherein the or each dipolar illumination 
mode is used to image linear features of the pattern 
oriented substantially perpendicular to the axis join- 
ing the respective two poles of the or each dipole 
mode. 

7. A method according to claim 6, wherein the respec- 
tive mask or mask sub-pattern used with the or each 
dipolar illumination mode exposure substantially 
defines only features of the pattern oriented sub- 
stantially perpendicularly to the axis joining the re- 
spective two poles of the or each dipole mode. 
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8. A method according to any one of the preceding 
claims, wherein the or each dipolar illumination 
mode intensity distribution comprises two relatively 
intense poles and further comprises one or more of: 
a relatively weak central pole; two relatively weak 
further poles; and a general relatively weak back- 
ground intensity. 

9* A method according to any one of the preceding 
claims, further comprising the step of: 

changing at least one of the pole radial posi- 
tion, size and intensity between said first and sec* 
ond exposures. 

10* A method according to any one of the preceding 
claims, wherein said first and second exposures are 
berth performed using dipolar illumination modes 
and wherein the axes of the two dipolar modes are 
substantially perpencficular to each other. 

11. A method according to any one of the preceding 
claims, wherein the or each of the exposures per- 
formed using an ilumination mode having a sub- 
stantially dipolar Intensity cfistrfctition, is performed 
using polarized electromagnetic radiation. 

12. A method according to claim 11, wherein the polar- 
ized radiation is linearly polarized. 

13. A method according to claim 12, wherein the radi- 
ation is thus polarized so as to have an electric field 
component oriented substantially perpendicular to 
the axis joining the respective two poles of the or 
each dipote intensity distribution. 

14. A method according to any of the claims 1-13, 
wherein, between the first and second exposures, 
the focus of the pattern on the substrate is adjusted, 
thereby to ensure that both the first and second ex- 
posures are performed at substantially optimum fo- 
cus. 

15. A method according to any of the claims 1-14, 
wherein the or each of the exposures using an illu- 
mination mode having a substantially dipolar inten- 
sity distribution, is performed using an attenuated 
phase shift mask. 



16. A method according to claim 15, wherein the atten- 
uation is thus chosen so as to balance the energy 
of radiation of the zeroth -and first-order diffracted 
beams, as they are emerging from said pattern and 
captured by a projection system used to image the 
patterns on the substrate. 

17. A device manufacturing method comprising the 
steps of: 
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providing a substrate which is at least partially 
covered by a layer of energy-sensitive material; 
providing at least one mask for denning a pat- 
tern; and 

imaging at least part of said mask pattern onto 
said substrate using a method according to any 
one of claims 1 to 16. 

18. A device manufactured in accordance with the 
method of any one of claims 1 to 17. 

19. An apparatus for wnaging a pattern onto a substrate 
provided with a layer of energy sensitive material, 
said apparatus comprising: 

an illumination system for defining first and sec- 
ond illumination modes; 
a projection system for imaging parts of said 
pattern defined by a mask on said substrate; 
and 

a changer for changing between first and sec- 
ond masks; 

wherein at least one of said first and second 
illumination modes is dipolar and wherein said 
apparatus is arranged to image said pattern by 
two exposures using respective first and sec- 
ond illumination modes and masks. 

20. An apparatus for imaging a pattern onto a substrate 
provided with a layer of energy sensitive material, 
said apparatus comprising: 

an illumination system for def ining first and sec- 
ond illumination modes; 
a projection system for imaging parts of sard 
pattern defined by a mask on said substrate; 
and 

means for moving the mask with respect to the 
projection system, so as to distinctly position 
first and second mask sub-patterns, located at 
different positions on the mask, in the radiation 
beam emerging from the illumination system; 
wherein at least one of said first and second 
illumination modes is dipolar and wherein said 
apparatus is ananged to image said pattern by 
two exposures using respective first and sec- 
ond illumination modes and mask sub-patterns. 

21. An apparatus according to claim 19 or 20, wherein 
said illumination system comprises one or more dif- 
fractive optical elements for defining said first and 
second illumination modes. 
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